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Cyanobacteria contamination ofwater has become a growing public health problem worldwide.
Microcystis aerginosa is one of the most common toxic cyanobacteria. It is capable ofproducing
microcystins, a group of cyclic heptapeptide compounds with potent hepatotoxicity and tumor
promotion activity. The present study investigated the effect of microcystic cyanobacteria on pri-
mary cultured rat hepatocytes by examning mitochondrial membrane potential (MMP) changes
and intacellular reacve oxygen species (ROS) formation in cells treated with lyophilized fresh-
water microcystic yanobacteria extract (MCE). Rhodamine 123 (Rh-123) was used as a fluores-
cent probe for changes in mitochondrial fluorescence intensity. The mitoondrial Rh-123 fluo-
rescence intensity in MCEtreated hepatocytes, examined using a laser confocal microscope,
responded in a dose- and time-dependent manner. The results thus indicate that the alteration of
MMP might be an important event in the hepatotoxicity caused by cyanobacteria. Moreover, the
parallel increase ofROS formation detected using another fluorescent probe, 2',7'-dichlorofluo-
rescin diacetate also suggests the involvement of oxidative stress in the hepatotoxicity caused by
cyanobacteria. The fact that MMP changes precede other cytotoxic parameters such as nudear
staining by propidium iodide and cell morphological changes suggests that mitochondrial dam-
age is closely associated with MCEinduced cell injury in cultured rat hepatocytes. Key work
cyanobacteria, hepatocytes, hepatotoxicity, microcystin, mitochondrial membrane potential,
reactive oxygen species. Environ Health Perspect 106:409413 (1998). [Online 12 June 1998]
http://ehpnet1.nnies.nihgolv/docs/19981106p409-413dinglabstract.htmI

Contamination of water by toxic blooms of
cyanobacteria (blue-green algae) has occurred
widely in many regions of the world and
poses a serious public health problem (1,4.
Among the huge family of cyanobacteria,
Microcystis aeruginosa is the most common
toxic species. Microcystis is able to produce
microcystins, a group of cyclic heptapeptide
compounds with potent hepatotoxicity and
tumor promotion activity (3-5).

At present, the exact mechanisms by
which microcystins induce hepatotoxicity
and tumor promotion have not been fully
elucidated. One of the well-studied mecha-
nisms is that microcystins are potent
inhibitors of protein phosphatase 1 and 2A,
leading to increased protein phosphoryla-
tion, which is directly related to their cyto-
toxic effects and tumor-promoting activity
(1,6). There is also some preliminary evi-
dence indicating that oxidative damage
plays an important role in the hepatotoxici-
ty of microcystins. An earlier study in our
laboratory demonstrated that oxidative
stress is implicated in the hepatotoxic effects
of cyanobacteria extract in cultured rat
hepatocytes (7), which is consistent with
some other reports showing the inhibitory
effects of antioxidants on the toxicity of
microcystins (8-10).

Mitochondria are among the most impor-
tant subcellular organelles in maintaining

cellular structure and function by providing
more than 80% of energy requirements
through ATP production. Moreover, mito-
chondria are the main source of intracellular
reactive oxygen species (ROS) formation
and integrally involved in oxidative stress
and cellular injury (11,12). Some earlier
studies have shown that microcystins caused
morphological and functional changes in
mitochondria. For instance, Bhattacharya et
al. (13) found that both toxic cyanobacteria
and purified microcystins caused significant
mitochondrial damage based on a tetrazoli-
um dye colorimetric test in which tetrazoli-
um salt was converted to formazan via mito-
chondria. At the ultrastructural level, micro-
cystin-treated mitochondria underwent a
series of changes, including dense staining,
dilated cristae, and hydropic appearance
devoid of electron-opaque deposits, which
correlates with loss of coupled electron
transport (significant inhibition of state 3
respiration) (14-16).

In recent years, the evaluation of mito-
chondrial membrane potential (MMP)
changes has become a powerful tool for
studying mitochondrial damage and its
role in cellular injury. Rhodamine 123
(Rh-123) is one of the most frequently
used fluorescent probes. Mitochondrial
fluorescent intensity correlates quantita-
tively with MMP changes (17-19). The

present study was designed to study the
effect of microcystic cyanobacteria extract
(MCE) on primary cultured rat hepatocytes
by examining the changes in MMP and
intracellular ROS formation. Our results
suggest that mitochondrial depolarization is
closely associated with cellular injury
induced by cyanobacteria.

Materials and Methods
Chemicals. William's medium E, rho-
damine 123 (Rh-123), collagenase, Hepes
buffer, penicillin, and streptomycin were all
purchased from Sigma (St. Louis, MO).
Fetal bovine serum (FBS) was from
Cytosystems (Castle Hill, NSW, Australia).
Propidium iodide (PI) and 2',7'-dichloro-
fluorescin diacetate (DCFH-DA) were from
Molecular Probes (Eugene, OR).

Collection ofcyanobacteria sample. The
cyanobacteria were collected in early
autumn 1996 during a water bloom period
from the Dianshan Lake, which is one of
the main water sources for Shanghai, the
biggest city in the People's Republic of
China. Microscopic examination revealed
that the water blooms were dominated by
Microcystis aeruginosa (>90%).

Extraction of toxins. We extracted toxins
according to the method described by Harada
et al. (20) with modifications. As more than
90% of algae were Microcystis aeruginosa, it is
believed that microcystins were the main tox-
ins extracted. Briefly, lyophilized algae cells
(25 mg) were first dissolved in 2.5 ml n-
butanol:methanol:water (1:4:15, v/vlv) with
high-speed stirring at room temperature for 1
hr, followed by centrifugation at 16,000g for
30 min. The precipitant was reextracted two
more times as described above. The super-
natant from three extractions was pooled and
evaporated to dryness at 560C, and then dis-
solved in 5 ml 20% methanol. The extracted
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Figure 1. Morphological changes of cultured rat hepatocytes with a 12-hr incubation: (A) control hepatocytes and (B) cells treated with a high concentration of
MCE (equivalent to 125 pg lyophilized algae cells/mi). Cells were examined using an inverted light microscope, xlOO.
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Figure 2. Microcystic cyanobacteria extract
(MCE)-induced elevation of DCF fluorescence in
cultured rat hepatocytes: (A) dose response and
(B) time-course. The reaction took place with 1 x
iO5 hepatocytes and 1 pM DCFH-DA in 3 ml phos-
phate-buffered saline, and data are means ± stan-
dard deviations (n = 3). In the dose-response
study, hepatocytes were exposed to three differ-
ent concentrations of MCE for 4 hr; *p<0.05 com-
pared to the control group (one-way ANOVA with
Scheffe's test). In the time-course study, the
hepatocytes were incubated with or without a
high concentration of MCE (equivalent to 125 pg
lyophilized algae cells/mi) up to 4 hr; **p4O.001
compared to the control group at each time point
(Student's t-test).

fraction was then passed through a precondi-
tioned Sep-Pak C18 cartridge (3-mI tube,
Supelco, Bellefronte, PA) by washing with 3
ml 20% methanol and was then eluted with
10 ml methanol. Finally, the methanol elute
was evaporated to dryness at 560C and dis-
solved in 2 ml of distilled, deionized water.
The final MCE was kept at 40C for subse-
quent tests.

Liver perfion and primary rat hepa-
tocyte culture. Liver perfusion and primary
rat hepatocyte culture were carried out as
described by Shen et al. (21). The cells
were plated at a density of 4 x 106 cells/75-
cm2 flask (Corning, NY). After preincuba-
tion for 2 hr in 10 ml Williams' Medium E
supplemented with 10% FBS, the flasks
were washed with prewarmed Hepes buffer
(pH 7.4) to remove the unattached dead
cells. The hepatocytes were then incubated
in serum-free Williams' Medium E with
various treatments.

Morphological changes oftreated hepa-
tocytes. The morphological changes of cul-
tured rat hepatocytes were examined under
an inverted microscope (Diaphot-TMD;
Nikon, Tokyo, Japan) and directly pho-
tographed without any staining after 12 hr
of incubation.

Detection of intracellular ROSforma-
tion. MCE-induced ROS formation was
measured by using a fluorescent probe,
DCFH-DA, as established earlier in our
laboratory (22). The basic reaction mixture
contained 1 x 105 hepatocytes and 1 pM

DCFH-DA in 3 ml phosphate-buffered
saline. In the dose-response study, cells
were treated with low, moderate, and high
concentrations ofMCE (equivalent to 1.25,
12.5, and 125 mg lyophilized algae cells/ml,
respectively) for 4 hr. In the time-course
study, hepatocytes were coincubated with
MCE equivalent to 125 pg lyophilized algae
cells/ml at 370C up to 4 hr. The fluores-
cence intensity was monitored using a
Perkin-Elmer spectrofluorometer LS-5B
with excitation wavelength at 485 nm and
emission wavelength at 530 nm.

Determination ofMMP with Rh-123.
Rh-123 is taken up into cells and localized
into mitochondria because of the high neg-
ative electrical potential across the mito-
chondrial membrane. The diffusion and
accumulation of Rh-123 in mitochondria is
proportional to the degree of MMP
(17-19). On the other hand, PI is unable to
penetrate the plasma membrane of viable
cells but labels the nudei of nonviable cells
(23). Hepatocytes were first cultured in
coverglass chambers (Nunc, Naperville, IL)
for 24 hr before being treated with MCE.
For the dose-response study, hepatocytes
were treated with low, moderate, and high
MCE (equivalent to 1.25, 12.5, and 125 pg
lyophilized algae cells/ml, respectively) for
60 min. For the time-course study, cells
were exposed to a high concentration of
MCE (equivalent to 125 pg lyophilized
algae cells/ml) for up to 120 min. Rh-123
(final concentration 6 pg/mI) and PI (final
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concentration 1.5 pM) were added simulta-
neously, 30 min before the end of treat-
ment. The hepatocytes were washed with
phosphate-buffered saline twice to remove
the MCE and the fluorescence probes and
immediately evaluated under a laser scan-
ning inverted confocal microscope (Carl
Zeiss LSM 410, Germany). Rh-123 was
excited at 488 nm laser line and the emis-
sion signal was observed with a combina-
tion of a 510 nm dichronic mirror and a
515-516 nm cut-off filter. PI was excited at
514 nm and the emission signal was
observed with a LP-590 nm filter. A heated
platform was fitted to the microscope and
set at 37°C through the analysis.

Statistical analysis. Data are presented
as means ± SD from at least three sets of
measurements and were analyzed using
one-way ANOVA with Scheffe's test or
Student's t-test. A p-value <0.05 was con-
sidered statistically significant.

Results
MCE-induced Morphological
Changes in Primary Cultured Rat
Hepatocytes
The morphological changes in cells treated
with MCE became visible from 3 hr
onward. The typical alterations under light
microscopy after 12 hr of treatment are
shown in Figure 1. The majority of the
untreated cells after 12 hr of incubation
remained as a monolayer with polygonal or
oval shapes, extended pseudopodia, and
visible nuclei (Fig. IA). In contrast, cells
treated with MCE for 12 hr became spheri-
cal and detached from the cultured flasks,
without any pseudopodia (Fig. 1B).

MCE-enhanced ROS Formation in
Primary Cultured Rat Hepatocytes
Both the dose- and time-dependent
changes of ROS production induced by
MCE in primary cultured rat hepatocytes
were studied, and the results are shown in
Figure 2. In the dose-response study, a sig-
nificant difference from the control group
was noted in cells treated with moderate
and high concentration of MCE (equiva-
lent to 12.5 and 125 pg lyophilized algae
cells/ml, respectively; Fig. 2A). The time-
course changes of ROS production in both
control and MCE-treated hepatocytes are
presented in Figure 2B. Even in the control
group, DCFH-DA fluorescence intensity
increased substantially during the 4-hr
incubation period. Nevertheless, the fluo-
rescence intensity in MCE-treated cells was
significantly higher than the control group
from 1 hr onward. At the end of the test (4
hr), the DCFH-DA fluorescence intensity
in the treated cells was about 50% higher

Figure 3. Confocal images of mitochondria in primary cultured rat hepatocytes in the dose-response
study. Cells were treated with MCE for 60 min as follows: (A) control, (B) low concentration of MCE, (C)
moderate concentration of MCE, and (D) high concentration of MCE. Cells were loaded with Rh-123 (6
pg/mI) and propidium iodide (1.5 pM) for 30 min before analysis. No evident nuclear staining of propidium
iodide was observed in any group.

than the control (1445 ± 108 vs. 954 ± 55
arbitrary units).

MCE-induced MMP Changes in
Primary Cultured Rat Hepatocytes
Using the confocal laser scanning imaging
system, the fluorescence of Rh-123 was
visualized in the cytosol of hepatocytes, and
the cytoplasmic structures stained with Rh-
123 appeared to be typical of mitochondria
(Figs. 3 and 5). Figure 3 shows the confo-
cal images of mitochondria when cells were
treated for 60 min with low, moderate, and
high concentrations of MCE. The corre-
sponding changes of fluorescence intensity
of Rh-123 were measured and are present-
ed in Figure 4. At the low concentration of
MCE (equivalent to 1.25 pg lyophilized
algae cells/ml), a slight increase of Rh-123
fluorescence was noted. However, when
cells were treated with moderate and high
concentrations ofMCE (equivalent to 12.5
and 125 pg lyophilized algae cells/ml,
respectively), the fluorescence intensity of
mitochondria decreased sharply, indicating
the release of Rh-123 from mitochondria
into the cytosol. No obvious PI staining of
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Figure 4. Corresponding changes of mitochondrial
Rh-123 fluorescence intensity from the dose-
response study. Data are means ± standard devi-
ations from three different measurements and
were analyzed using one-way ANOVA with
Scheffe's test. *p<0.05 compared to the control
group (0 concentration).

nuclei was observed in any of the three
treated groups.

In the time-course study, hepatocytes
were exposed to a concentration of MCE
(equivalent to 125 pg lyophilized algae
cells/ml) up to 120 min, and the results are
shown in Figures 5 and 6 for confocal
images and Rh-123 fluorescence intensity,
respectively. The data showed an initial
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Figure 5. Confocal images of mitochondria in primary cultured rat hepatocytes in the time-course study.
Cells were treated with a high concentration of MCE (equivalent to 125 pg lyophilized algae cells/mi) for
(A) 0 min, (B) 30 min, (C) 60 min, and (D) 120 min. Cells were loaded with Rh-123 (6 pg/mI) and propidium
iodide (1.5 pM) for 30 min before analysis. Obvious nuclear staining of propidium iodide was only noted in
cells treated with MCE for 120 min.

increase of Rh-123 fluorescence intensity at
30 min, and a progressive reduction of flu-
orescence intensity was found 30 min
onward. At the end of the test (120 min),
the fluorescence intensity of Rh- 123 was
only about 50% of the control value, and
the nucleus was stained by PI, indicating
the loss of cell viability. In contrast, no Rh-
123 fluorescence intensity changes were
observed in the control cells throughout
the whole incubation period.

Discussion
Mitochondria are known to be vulnerable
targets of various toxins because of their
important role in maintaining cellular struc-
tures and functions. The functional alter-
ations of mitochondria are usually manifested
by the changes in MMP. In recent years,
using Rh-123 to study MMP changes has
become a valuable tool in assessing mitochon-
drial damage (18,19). Rh-123 is a cationic
fluorescent probe which accumulates elec-
trophoretically in the strongly negatively
charged matrix of mitochondria, and the
mitochondrial Rh-123 fluorescent intensity
changes (17). In the present study, the
involvement of mitochondrial damage in the

hepatotoxicity of cyanobacteria was demon-
strated by the dose- and time-dependent
changes of Rh-123 fluorescence intensity in
primary cultured rat hepatocytes exposed to
MCE (Figs. 3-6). These findings are basically
consistent with earlier studies showing the
functional and morphological mitochondrial
alterations caused by microcystins (13-16).
At present, there is no clear evidence to sug-
gest the exact mechanism for the adverse
effects of cyanobacteria or microcystins on
mitochondria. Some earlier studies indicated
that ATP depletion might be involved in this
process (14,24). For instance, Pace et al. (14)
found that after the rat liver was perfused
with microcystin-LR, one of the major toxic
compounds produced by cyanobacteria, the
isolated mitochondria displayed more than
50% inhibition of cellular respiration.

In the present study, an elevated level
of intracellular ROS formation was noted
in primary cultured rat hepatocytes
exposed to MCE (Fig. 2). More interest-
ingly, marked increase of ROS formation
occurred after 1 hr of treatment, coinciding
with the temporal changes of MMP in
MCE-treated hepatocytes (Figs. 5 and 6).
In our earlier study, MCE-induced ROS

120
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Figure 6. Corresponding changes of mitochondrial
Rh-123 fluorescence intensity from the time-
course study. Data are expressed as means ±
standard deviations from three different measure-
ments and were analyzed using one-way ANOVA
with Scheffe's test. *p4005 compared to the con-
trol group (0 concentration).

formation and cellular injury were inhibited
by deferroxamine, an antioxidant and spe-
cific iron chelator, suggesting the implica-
tion of oxidative stress in the hepatotoxicity
of MCE (7). Mitochondria are well known
to be the principal source of intracellular
ROS production, and the enhanced level of
ROS generation is one of the direct causes
of oxidative damage (11). It is thus possible
that mitochondria are one of the target
organelles of oxidative stress caused by
microcystins or cyanobacteria.

One of the main toxic mechanisms for
microcystins is to act as potent inhibitors
of protein phosphatases 1 and 2A, result-
ing in an increased level of protein phos-
phorylation, which has a direct impact on
the cytoskeleton (6). The hyperphospho-
rylated cytoskeletal proteins cause destruc-
tion of structure and homeostatic integri-
ty, manifested by morphological changes
and cytotoxicity (5,25,26). In the present
study, the cytotoxic effects of MCE were
assessed by staining of nuclei by PI and by
morphological changes examined under
light microscope. The results demonstrat-
ed that nuclear staining with PI, an indi-
cator for the loss of cell viability, was only
found at 2 hr after treatment, following
the decrease of Rh-123 fluorescence inten-
sity (Fig. 3A). This finding was similar to
the results observed by Zahrebelski et al.
(27) in their study of chemical hypoxia in
cultured rat hepatocytes. Obvious mor-
phological changes, observed by light
microscopy, were noted from 3 hr
onward, and the typical changes were
recorded with 12 hr of incubation (Fig.
1). These morphological changes occurred
later than the MMP changes and the
staining of nuclei by PI. Therefore, the
preceding changes ofMMP and ROS for-
mation before cell death are consistent
with the notion that mitochondrial dam-
age its ctoskely asoateditnhcsedllular
injury caused by cyanobacteria.
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In summary, the dose- and time-depen-
dent changes of Rh-123 fluorescence intensi-
ty in MCE-treated hepatocytes indicate that
mitochondria damage is an important event
in the hepatotoxicity caused by cyanobacteria
extract. The exact relationship between mito-
chondrial damage, ROS formation, and
oxidative stress in MCE-treated hepatocytes
remains to be further investigated.
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